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The Xinjie layered intrusion in the Panxi region, SW China, hosts both Fe-Ti oxide and platinum-group
element (PGE) sulﬁde mineralization. The intrusion can be divided, from the base upward, into Units
I, II and III, in terms of mineral assemblages. Units I and II are mainly composed of wehrlite and clino-
pyroxenite, whereas Unit III is mainly composed of gabbro. PGE sulﬁde-rich layers mainly occur in Unit I,
whereas thick Fe-Ti oxide-rich layers mainly occur in Unit III. An ilmenite-rich layer occurs at the top of
Unit I. Fe-Ti oxides include magnetite and ilmenite. Small amounts of cumulus and intercumulus
magnetite occur in Units I and II. Cumulus magnetite grains are commonly euhedral and enclosed within
olivine and clinopyroxene. They have high Cr2O3 contents ranging from 6.02 to 22.5 wt.%, indicating that
they are likely an early crystallized phase from magmas. Intercumulus magnetite that usually displays
ilmenite exsolution occupies the interstices between cumulus olivine crystals and coexists with inter-
stitial clinopyroxene and plagioclase. Intercumulus magnetite has Cr2O3 ranging from 1.65 to 6.18 wt.%,
lower than cumulus magnetite. The intercumulus magnetite may have crystallized from the trapped
liquid. Large amounts of magnetite in Unit III contains Cr2O3 (<0.28 wt.%) much lower than magnetite in
Units I and II. The magnetite in Unit III is proposed to be accumulated from a Fe-Ti-rich melt. The Fe-Ti-
rich melt is estimated to contain 35.9 wt.% of SiO2, 26.9 wt.% of FeO
t, 8.2 wt.% of TiO2, 13.2 wt.% of CaO,
8.3 wt.% of MgO, 5.5 wt.% of Al2O3 and 1.0 wt.% of P2O5. The composition is comparable with the Fe-rich
melts in the Skaergaard and Sept Iles intrusions. Paired non-reactive microstructures, granophyre
pockets and ilmenite-rich intergrowths, are representative of Si-rich melt and Fe-Ti-rich melt, and are
the direct evidence for the existence of an immiscible Fe-Ti-rich melt that formed from an evolved ferro-
basaltic magma.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Layered maﬁc-ultramaﬁc intrusions in the Panxi region, SW
China, such as the Panzhihua, Hongge and Baima intrusions, are
parts of thew260Ma Emeishan large igneous province (ELIP) (insetof Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and Pin Fig. 1) (Zhou et al., 2002, 2005, 2008). These layered intrusions
are volumetrically small relative to the world-known layered in-
trusions such as the Bushveld Complex in South Africa, the Sept Iles
intrusion in Canada, the Bjekreim-Sokndal intrusion in Norway and
the Skaergaard intrusion in Greenland (Namur et al., 2010 and
references therein). However, a distinct feature of the intrusions in
the Panxi region is that large volumes of Fe-Ti oxide ores occur in
the middle to lower parts of the intrusions. For example, massive
oxide ore bodies in the basal part of the Panzhihua intrusion are
up to 60 m in thickness (Zhou et al., 2005), much thicker than the
laterally extensive magnetite-rich layers in the Bushveld Complex
and the Sept Iles intrusion (Cawthorn and Molyneux, 1986; Lee,
1996; Higgins, 2005). How such large amounts of Fe-Ti oxides
were accumulated in the layered intrusions in the Panxi region is
enigmatic. Possible mechanisms proposed to explain the origin ofeking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Geological map showing the distribution of the Xinjie intrusion in the Panxi region, SW China (after Zhou et al., 2002; Zhong et al., 2004). Inset on the top left corner
showing the location of the Emeishan large igneous province and inset on bottom left corner showing the sequence of the Xinjie intrusion (after Zhou et al., 2002) and the locations
of drill cores ZK411 and ZK122 (modiﬁed after PXGT, 1981).
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formation of immiscible oxide melt in silicate magmas (Zhou et al.,
2005), and settling and sorting of early cumulus Fe-Ti oxides (Pang
et al., 2008a). In recent studies, liquid immiscibility in the evolved
tholeiitic magmas is proposed to explain the formation of Fe-Ti-rich
liquids in the Sept Iles and Skaergaard intrusions (Veksler et al.,
2007; Charlier et al., 2011; Holness et al., 2011; Namur et al.,
2012). A main issue that is debated for the origin of the layered
intrusions in the Panxi region is the composition of Fe-Ti-rich melt
for individual intrusion if an immiscible Fe-rich melt is applicable
for these intrusions.
Unlike the Panzhihua intrusion, the Hongge and Xinjie in-
trusions in the Panxi region contain an ultramaﬁc portion with
minor amounts of Fe-Ti oxides in the lower part of the intrusion
and a gabbro portion with large amounts of Fe-Ti oxides in theupper part. Cumulus magnetite enclosed in olivine and clinopyr-
oxene in the ultramaﬁc portion of the Xinjie intrusion contains
very high Cr2O3 (up to 28 wt.%) and was interpreted as an early
crystallized phase (Wang et al., 2008). The occurrence of Fe-Ti
oxide-rich layers in the gabbro portion of the Xinjie intrusion is
comparable with the main Fe-Ti oxide ore bodies at the basal part
of the Panzhihua intrusion although the Xinjie intrusion contains
lower amounts of Fe-Ti oxides. Thus, the fractionation processes of
magmas that led to the formation of the large amounts of Fe-Ti
oxides in the upper part of the Xinjie intrusion may throw some
light on the formation of massive ore bodies in the basal part of the
Panzhihua intrusion.
Previous studies proposed that the Xinjie intrusion may have
formed by multiple pulses of magma replenishment due to the
presence of rhythmic modal layers (Zhong et al., 2004, 2011).
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variation of minerals across the intrusion, which remains unclear so
far. In this study, we logged two drill cores that cut through the
Xinjie intrusion and analyzed the composition of olivine and
magnetite along the column of drill cores. The textural relation-
ships of minerals and the new data set of mineral compositions
enable us to examine the occurrence of magnetite and the variation
of mineral compositions along a stratigraphic column and to
discuss the fractionation processes of magmas and the origin of
magnetite in different occurrences.
2. Geological background
The Panxi region in the central part of the ELIP is one of themost
important Fe-Ti-V metallogenic districts in China (SBGMR, 1991;
Ma et al., 2003). The layered intrusions that host Fe-Ti-V oxide
mineralization, including the Panzhihua, Hongge, Baima, Xinjie and
Taihe intrusions, are exposed along major NeS-trending faults
(Zhou et al., 2005; Pang et al., 2010; Ganino et al., 2013) (Fig. 1).
These intrusions, together with spatially and temporally associated
continental ﬂood basalts and syenitic plutons, are considered to
have formed frommagmas generated by aw260 Ma mantle plume
(Zhang et al., 1988; Chung and Jahn, 1995). The ﬂood basalts are
mainly composed of high-Ti series with TiO2 > 2.5 wt.% and Ti/Y
ratios >500 (Xu et al., 2001). The Panzhihua, Baima and Taihe in-
trusions are mainly composed of gabbro with small amounts of
ultramaﬁc rocks in their lower parts, whereas the Hongge and
Xinjie intrusions contain a large ultramaﬁc portion in the lowerFigure 2. A stratigraphic column showing the distribuparts and a gabbro portion in the upper parts (PXGT, 1981). The
Panzhihua, Hongge and Baima intrusions intruded the Sinian
Dengying Formation composed of dolomitic limestone; the Hongge
intrusion also intruded the middle Neoproterozoic Hekou Forma-
tion composed of meta-basalt, amphibolite and dolomitic lime-
stone; and the Xinjie intrusion has Emeishan ﬂood basalts at its
footwall (PXGT, 1981).
The Xinjie intrusion is a NWeSE-striking, sill-like body about
7.5 km long, 1e1.5 km wide and 1.2 km thick. The intrusion is
exposed only in three small outcrops, but its extent has been
delineated on the basis of drill cores taken by a local geological
team in the 1980s. The intrusion is well differentiated with
weakly developed igneous layering (PXGT, 1981), and is
composed, from the base upwards, of wehrlite, clinopyroxenite and
gabbro. The basal marginal zone contains partially assimilated
enclaves of basalts, whereas the uppermost part is in contact with
amphibole-quartz-bearing syenite (PXGT, 1981).
A w700-m-thick column that is compiled from two drill cores
(ZK122 and ZK411) was logged in this study. This log reveals that
the Xinjie intrusion comprises Units I, II and III from the base up-
wards, distinguished by contrasting mineral assemblages. A mar-
ginal zone (MGZ) composed of ﬁne-grained gabbro forms the basal
part of the intrusion (Fig. 2). This observation is consistent with the
descriptions in previous publications (Zhong et al., 2004; Wang
et al., 2008).
The w160-m-thick Unit I is deﬁned by ﬁrst appearance of
abundant olivine and consists, from the base upward, of inter-
layering wehrlite, olivine clinopyroxenite, clinopyroxenite,tion of rock units, ore types and sample locations.
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enite. Five thin PGE-rich clinopyroxenite layers occur in this unit, of
one layer at the base and four layers at the top (Fig. 2) (Zhong et al.,
2004, 2011). In addition, one thin PGE-rich layer occurs in the
marginal zone (Zhong et al., 2004). An ilmenite-rich clinopyrox-
enite layer occurs at the top of Unit I (Fig. 2).
Unit II (w210 m thick) is similar to Unit I in lithology and mainly
consists of olivine clinopyroxenite, clinopyroxenite, plagioclase
olivine clinopyroxenite, plagioclase-bearing clinopyroxenite and
plagioclase clinopyroxenite.
The original thickness of Unit III is unknown because the top has
been removed by erosion. The remaining portion in drill core is
w312 m in thickness and is mainly composed of Fe-Ti oxide-
bearing gabbro that contains <30 vol.% Fe-Ti oxides. Two oxide
gabbro layers (w40e50 m in thickness) that contain 40e70 vol.%
Fe-Ti oxides occur at the bottom and top of the unit, and a thin
oxide gabbro layer (w4 m in thickness) occurs in the middle of the
unit (Figs. 2 and 3d). An olivine-bearing, Fe-Ti oxide-bearing gabbro
layer withw10 vol.% olivine occurs above the oxide gabbro layer at
the base of Unit III. Abundant apatite appears in the rocks above
oxide gabbro layers (Fig. 3e).
3. Petrography
Fine-grained gabbro in the basal marginal zone shows equal-
granular texture with ﬁne-grained euhedral-subhedral magnetite
and small amounts of ilmenite scattering with clinopyroxene and
plagioclase.
Wehrlite and olivine clinopyroxenite in Units I and II have
similar texture and mineral assemblage but olivine clinopyroxenite
contains less olivine (Table 1 and Fig. 3). Both rocks showa poikilitic
texture with olivine crystals commonly enclosed within clinopyr-
oxene (Fig. 4a). Olivine crystals vary in size from 0.9 to 2.4 mm. Fe-
Ti oxides are mainly magnetite and ilmenite. Both cumulus and
intercumulus magnetite occur in these rocks. Euhedral quadrilat-
eral or hexagonal magnetite grains with ilmenite lamellae are
commonly enclosed within olivine and clinopyroxene and appear
to be a cumulus phase (Fig. 4a). Intercumulus magnetite with
ilmenite lamella occupies the angular interstices between olivine
and clinopyroxene grains (Fig. 4a). It is also seen that anhedral
ilmenite coexists with intercumulus magnetite. Euhedral ilmenite
with magnetite/hematite exsolution lamella is occasionally
enclosed within clinopyroxene.
Ilmenite-rich clinopyroxenite at the top of Unit I contains cli-
nopyroxene crystals ranging in size from 3 mm to 1 cm. Plagioclase
is interstitial to clinopyroxene. Elongated or dendritic ilmenite
crystals occupy the interstices between clinopyroxene or cut
through clinopyroxene (Fig. 4b). Euhedral ilmenite with magnetite/
hematite lamella sometimes is enclosed within clinopyroxene.
Clinopyroxenite and plagioclase-bearing clinopyroxenite in
Units I and II are mainly composed of clinopyroxene, Fe-Ti oxides,
plagioclase and hornblende (Table 1). Plagioclase clinopyroxenite in
these two units contains more plagioclase and shows similar
texture to plagioclase-bearing clinopyroxenite. Plagioclase olivine
clinopyroxenite occurs only in Unit II. In these rocks, clinopyroxene
commonly occurs as well-developed polygons marked by w120
triple junctions (Fig. 4c). Both cumulus and intercumulusmagnetite
occur in these rocks. Euhedral cumulus magnetite grains are
enclosed in clinopyroxene, whereas intercumulus magnetite with
ilmenite lamella is interstitial to clinopyroxene and occupies the
interstices between clinopyroxene (Fig. 4d). Ilmenite is mainly
interstitial phase and sometimes coexists with intercumulus
magnetite. Euhedral ilmenite enclosed in clinopyroxene is rare.
Olivine- and oxide-bearing gabbro in Unit III is composed of
olivine, clinopyroxene, plagioclase and Fe-Ti oxides (Table 1).Olivine has been totally altered to serpentine in samples. Oxide-
bearing gabbro in Unit III contains clinopyroxene, plagioclase, Fe-
Ti oxides and apatite. Oxide gabbro in Unit III contains clinopyr-
oxene, plagioclase and Fe-Ti oxides (Table 1). All the gabbros show
an ophitic texture. Tabular or oriented plagioclase laths range from
w0.7 to 2.1 mm in wide. Clinopyroxene ranges in size from 0.2 to
0.5 mm and occupies the interstices between plagioclase (Fig. 4e).
Fe-Ti oxides are interstitial to plagioclase and clinopyroxene and
occupy the interstices between silicates. They have curved
boundaries to silicates (Fig. 4e). Fe-Ti oxides include bothmagnetite
with ilmenite lamella and ilmenite with magnetite/hematite
lamella. Fine-grained apatite crystals occupy the interstices be-
tween Fe-Ti oxides (Fig. 4f).
4. Analytical methods
Quantitative elemental analyzes were obtained using a JEOL
JXA-8100 electron microprobe at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences. Analyzes were performed using an
accelerating voltage of 15 kV and a current of 20 nAwith a beam of
1 mm.
The standards used for magnetite analyzes were garnet for Si,
Mg, Al, rutile for Ti, vanadium metal for V, chromium oxide for Cr,
magnetite for Fe, manganese oxide for Mn, olivine for Ni. The
analytical error is 2% for Cr and Fe and 5% for other elements.
Ferrous and ferric iron were estimated from stoichiometry and
charge balance. For olivine analyzes, olivine was used for Si, Mg, Fe
and Ni, garnet for Al and Ca, feldspar for Na, rutile for Ti, and MnO
for Mn. Analytical error is 2% for Si, Fe and Mg and 5% for other
elements.
5. Mineral compositions
5.1. Olivine
Olivine grains in Unit I have forsterite contents (Fo) ranging from
72 to 76 mol% and Ni concentrations from 1477 to 2656 ppm (ESM
Table 1). Olivine grains of Unit II have more variable Fo values
(68e75mol%) and less Ni (691e2067 ppm) than those for olivine of
Unit I (ESM Table 1; Fig. 5a and b). There is an overall decreasing
trend for Ni of the olivine grains from the base upward (Fig. 5b) and
a positive correlation between Fo and Ni of the olivine grains in
Units I and II (Fig. 6).
5.2. Magnetite
Cumulus magnetite in Units I and II has high and variable Cr2O3
contents (ESM Table 2). They have Cr2O3 varying from 22.5 wt.% at
the base to 6.02 wt.% at the top of Unit I, and from 21.2 to 6.70 wt.%
in Unit II (Fig. 7a). Cr-rich magnetite grains have variable V2O3
(0.36e0.94 wt.%), TiO2 (1.22e10.3 wt.%) and Al2O3 (0.51e7.89 wt.%)
(Fig. 7b, c and d) (ESM Table 2). They have positive correlations of
Cr2O3 vs. MgO, Al2O3 and TiO2, and a negative correlation of Cr2O3
with V2O3 (Fig. 8).
Intercumulus magnetite in Units I and II has Cr2O3 ranging from
1.65 to 6.18 wt.%, lower than cumulus magnetite (Fig. 7a) (ESM
Table 2). Intercumulus magnetite has V2O3, TiO2 and Al2O3 vary-
ing in a similar trend to the cumulus magnetite across the column
(Fig. 7b, c and d). There are poor correlations between Cr2O3 and
MgO, TiO2, Al2O3 and V2O3 for intercumulus magnetite in Units I
and II (Fig. 8).
Magnetite in Unit III has extremely low Cr2O3 (0.28 wt.% to
below detection limit) (ESM Table 2). Cr-poor magnetite in Unit III
also contains low TiO2 and Al2O3 relative tomagnetite in Units I and
Figure 3. Mineral modes of olivine (a), clinopyroxene (b), plagioclase (c), Fe-Ti oxide (d) and apatite (e) in the Xinjie intru ion.
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Table 1
Estimated modal mineralogy of the analyzed samples with stratigraphic position in
the Xinjie intrusion.
Units Rock types Ol Cpx Pl Fe-Ti
oxides
Hbl Ap
III Oxide gabbro 10e40 15‒55 30e70
III Olivine- and oxide-bearing
gabbro
<10 15e30 30e70 5e30 <5
III Oxide-bearing gabbro 20e30 50e70 5e30 <5 <6
Top of
Unit I
Ilmenite-rich
clinopyroxenite
75e95 5e20 <6
I, II Clinopyroxenite and
plagioclase-bearing
clinopyroxenite
70e95 <10 <15 <5
I, II Plagioclase clinopyroxenite 70e90 10e20 <10 <5
I, II Olivine clinopyroxenite <40 50e90 <8 <15 <5 <2
I, II Wehrlite 40e90 <50 <8 <15 <5 <2
Marginal
zone
Fine-grained oxide-bearing
gabbro
40 45 15
Note: modes include fresh and altered grains. Ol, olivine; Cpx, clinopyroxene; Pl,
plagioclase; Hbl, hornblende; Ap, apatite. Mineral modes were determined based on
339 thin sections from two drill cores that cut through the intrusion using point
counting. Points were counted on ﬁve to six grids, and each grid has an area of
w0.5 cmw0.5 cm. This table summarizes themodal range of minerals in different
rock types.
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similar range to magnetite in Units I and II (Fig. 7b).6. Discussion
6.1. An evolved Fe-Ti-rich parental magma
Olivine crystals from the layered intrusions in the Panxi region
have variable Fo values. They have Fo values ranging from 83 to
27 mol% and mostly from 70 to 60 mol% in Panzhihua (Pang et al.,
2009), from 86 to 71 mol% in Hongge (Pang et al., 2008b), and from
76 to 61 mol% in Baima (Shellnutt and Pang, 2012). They are
thought to have crystallized from relatively evolved magmas that
formed from the fractional crystallization of primary ferro-picritic
or ferro-basaltic magmas (Zhou et al., 2005; Zhang et al., 2009;
Zhong et al., 2011; Bai et al., 2012). Olivine crystals from Units I and
II of the Xinjie intrusion have Fo values ranging from 76 to 70 mol%,
indicating that the Xinjie intrusion also formed from evolved
magmas. The positive correlation between Cr2O3 and Al2O3 of
cumulus magnetite in Units I and II (Fig. 8c) also supports the hy-
pothesis that cumulus magnetite crystallized directly from an
evolved, Fe-rich magma, which may have caused more Fe3þ and
less Cr and Al to entering a chromite structure, therefore resulting
in the positive Cr2O3-Al2O3 correlation of the magnetite (Wang
et al., 2008). Magnetite in Units I and II of the Xinjie intrusion has
high TiO2 (1.11e10.3 wt.%), being titanomagnetite, which indicates
that the parental magma is also enriched in Ti. The composition of
the parental magma of the Xinjie intrusion is difﬁcult to estimate
due to lack of chilled margins. However, we assume that the ﬁne-
grained gabbro in the marginal zone of the Xinjie intrusion may
be a possible analog of the parental magma in terms of the
composition, which has an averaged composition of 42.4 wt.% of
SiO2, 12.4 wt.% of FeOt, 6.3 wt.% of TiO2, 11.7 wt.% of CaO, 8.8 wt.% of
MgO, 15.5 wt.% of Al2O3, 1.92 wt.% of Na2O, 0.47 wt.% of K2O and
0.09wt.% of P2O5 (after Zhong et al., 2004) (Table 2), consistent with
the composition of an evolved Fe-Ti-rich basaltic magma.
Using MgO-FeO correlation in the wehrlite and the composition
of the most magnesian olivine (Fo ¼ 76) from Unit I, the parental
magma fromwhich such olivine crystallized is estimated to have a
FeO/MgO ratio of 1.05, indicating Fe-rich magmas. In our calcula-
tion we assumed that samples represent olivine-melt mixtures atmagmatic temperatures and the Mg-Fe exchange coefﬁcient of 0.3
between olivine andmelt (Roeder and Emslie, 1970). The calculated
Mg# of the magmas at Xinjie is 49, slightly higher than the calcu-
lated value of 46 for the Panzhihua intrusion (Zhou et al., 2005).
Given the Xinjie intrusion has an ultramaﬁc portionwhich is absent
in the Panzhihua intrusion, the magmas from which the Xinjie
intrusion formed may be less evolved than the magmas required to
form the Panzhihua intrusion.
6.2. Cumulus Cr-rich titanomagnetite and intercumulus
titanomagnetite in Units I and II
Cumulus Cr-rich titanomagnetite in Units I and II of the Xinjie
intrusion is commonly enclosed within olivine and clinopyroxene,
indicating that it may have crystallized before or concurrently with
olivine and clinopyroxene, and is clearly an early crystallizing phase
from magmas. Cr-rich titanomagnetite grains in Units I and II have
Cr2O3 decreasing from the bottom to top in each unit (Fig. 7a),
consistent with fractional crystallization. This is also supported by
positive correlations of Cr2O3 and MgO (Fig. 8a). Chromium is
strongly compatible in magnetite (magnetite/melt DCr ¼ 100e600;
Irving, 1978 and references therein), moderately compatible in
clinopyroxene (clinopyroxene/melt DCr¼ 2.7; Hart and Dunn,1993)
and incompatible in olivine (olivine/melt DCr ¼ 0.3; McBirney,
1998) and plagioclase (plagioclase/melt DCr ¼ 0.03; Phinney and
Morrison, 1990). Therefore, the relatively low Cr2O3 of Cr-rich
titanomagnetite in the upper part of each unit can be attributed
to the removal of Cr from residual magmas after the earlier crys-
tallization of Cr-rich titanomagnetite and clinopyroxene in each
unit.
Cumulus Cr-rich titanomagnetite at Xinjie may have formed in a
manner similar to the early formed chromite in ultramaﬁc rocks of
layered intrusions (Wager et al., 1960). Because the parental
magmas are evolved Fe- and Ti-rich magmas, earlier crystallized
magnetite crystals are rich in Fe and Ti so that Cr-rich titano-
magnetite rather than chromite was the earliest cumulus phase at
Xinjie. Early-saturated cumulus magnetite that is rich in Cr2O3
(0.44e1.75 wt.%) is also reported in the lower part of the MCU I unit
of the Sept Iles layered intrusion (Namur et al., 2010). The Cr-rich
titanomagnetite of the Xinjie intrusion contains Cr2O3 much
higher than magnetite of the Sept Iles intrusion, strongly sup-
porting that the Cr-rich titanomagnetite at Xinjie is an early crys-
tallizing phase from Fe-Ti-rich basaltic magmas.
It is common in each of the thin sections through Units I and II
that intercumulus titanomagnetite has Cr2O3 lower than cumulus
Cr-rich titanomagnetite (Fig. 7a), providing strong evidence for the
later crystallization of intercumulus magnetite in the crystallization
sequence. The large gap of Cr2O3 between cumulus Cr-rich titano-
magnetite and intercumulus titanomagnetite in Units I and II may
indicate that clinopyroxene may have been involved in the frac-
tionation of magmas and enhanced the depletion of Cr in residual
liquid from which intercumulus titanomagnetite formed.
To test the involvement of clinopyroxene during fractionation of
magmas, we use a three-stage fractional crystallization to derive
the Cr2O3 contents of magnetite under a closed system. Using a
partition coefﬁcient D (magnetite/melt) of 200 for Cr, the initial
melt is modeled to have 770 ppm of Cr based on the assumption
that the melt is in equilibrium with Cr-richest titanomagnetite
(Cr2O3 ¼ 22.5 wt.%) at the base of Unit I. Stage 1 involved 24%
fractionation of 10% Cpx þ 1% Mt þ 89% Ol, and magnetite crys-
tallized during this stage would have Cr2O3 > 14.7 wt.% (Fig. 9a).
Stage 2 involved 28% fractionation of clinopyroxene from trapped
liquid, and the early crystallized Cr-rich magnetite and olivine
crystals may have been enclosed in the crystallizing clinopyroxene
crystals (Fig. 9b). Stage 3 involved fractionation of 66% Cpx þ 30%
Figure 4. Photomicrographs of rocks in three units of the Xinjie intrusion. Note that the pictures are taken under cross-polarizer and transmitted light. (a) Wehrlite in Unit I
showing that cumulus magnetite (Mt) grains are enclosed in olivine (Ol) and clinopyroxene (Cpx), whereas intercumulus magnetite is associated with clinopyroxene and occupies
the interstices between olivine. Sample x14; (b) Ilmenite-rich clinopyroxenite at the top of Unit I showing that elongated or dendritic ilmenite (Ilm) occupies interstices between
clinopyroxene or cut through clinopyroxene. Sample x247; (c) Plagioclase-bearing clinopyroxenite in Unit II showing that plagioclase (Pl) is interstitial to clinopyroxene and cli-
nopyroxene develops 120 triple junctions. Sample x152; (d) Plagioclase-bearing clinopyroxenite in Unit II showing that cumulus magnetite are grains enclosed in clinopyroxene
and intercumulus Fe-Ti oxide is interstitial to clinopyroxene. Sample x164; (e) Oxide-bearing gabbro in Unit III showing an ophitic texture. Clinopyroxene occupies the triangular
interstices between plagioclase. Fe-Ti oxides show curved boundary where adjacent to silicates. Sample x285; (f) Oxide gabbro in Unit III showing that apatite (Ap) and Fe-Ti oxides
are interstitial to plagioclase. Sample x269.
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crystallized at this stage is estimated to have Cr2O3 lower than
5.8 wt.%, consistent with that for the intercumulus titanomagnetite
in Units I and II. Therefore, the modeling results indicate that
crystallization of not only Cr-rich titanomagnetite but also clino-
pyroxene in Units I and II depleted the Cr of trapped liquid so that
the intercumulus titanomagnetite has Cr2O3 much lower than the
cumulus Cr-rich titanomagnetite in Units I and II.6.3. Formation of Cr-poor magnetite of Unit III from Fe-Ti-rich melts
Relatively large amounts of magnetite occur in Unit III of the
Xinjie intrusion. The mechanism to accumulate so much magnetite
is enigmatic. Normal fractional crystallization is used to explain the
accumulation of abundant magnetite and the formation of Fe-Ti-
rich ore layers in Panzhihua (Pang et al., 2009). But this model is
not applicable for the Xinjie intrusion in terms of V variation. Like
Figure 5. Compositions of olivine in Units I and II of the Xinjie intrusion. (a) Variations in olivine forsterite (Fo in mol%) with stratigraphic position; (b) variations in Ni (ppm) of
olivine with stratigraphic position.
H. Dong et al. / Geoscience Frontiers 4 (2013) 503e515510Cr, vanadium is strongly compatible in magnetite with a partition
coefﬁcient of 15e34 underwNNO buffer (Toplis and Corgne, 2002).
Therefore, the magnetite in Unit III is supposed to have lower V2O3
than those for the magnetite in Units I and II. However, most
magnetite in Unit III has relatively high V2O3 than cumulus Cr-rich
magnetite in Units I and II (Fig. 7b).
Magnetite in Unit III has very low and constant Cr2O3, MgO, TiO2
andAl2O3, remarkably different from those in Units I and II (Fig. 7). It
may indicate that themagnetite inUnit III formed from fractionationFigure 6. A plot of Fo values vs. Ni contents for olivof the evolved magmas. Based on experimental work, extreme Fe
enrichment of basaltic liquids up to 26e30wt.% FeOt can be reached
bycrystallization alone, however, this cannot happen unless there is
an alkaline-free and low alkali system at reasonably reducing con-
ditions (the QFM buffer or below) (Veksler, 2009 and reference
therein). The layered intrusions in the Panxi regionare considered to
form in relativelyhighoxygen fugacitybecauseof lowV inmagnetite
(Panget al., 2010). The sharpdecreaseof Crof themagnetite fromthe
top of Unit II to the base of Unit III (Fig. 7a) at Xinjie cannot beine from Units I and II of the Xinjie intrusion.
Figure 7. Major oxides compositional variation of magnetite of Cr2O3 (a), V2O3 (b), TiO2 (c) and Al2O3 (d) with stratigraphic sition.
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Figure 8. Plots of MgO (a), TiO2 (b), Al2O3 (c) and V2O3 (d) against Cr2O3 for magnetite of the Xinjie intrusion.
H. Dong et al. / Geoscience Frontiers 4 (2013) 503e515512explained by a continuous fractionation process. Given the high
partition coefﬁcients of Cr in magnetite and large amounts of
magnetite in Unit III, magnetite in Unit III could be alternatively
explained to be accumulated from a Fe-Ti-rich melt which would
equally partition Cr into magnetite, resulting in low and constant Cr
magnetite, a matter of dilution effect.
There are a few lines of evidence supporting the existence of a
Fe-Ti-rich melt in the formation of large amounts of Cr-poor
magnetite in the Xinjie intrusion. In Unit III, paired non-reactive
microstructures e granophyre pockets and ilmenite-rich in-
tergrowths, are commonly present in the interstitial phases of
gabbro (Fig. 10), which are exactly the same as those being
described in the UZb of the Skaergaard intrusion (Holness et al.,Table 2
Bulk compositions of melt inclusions enclosed in the plagioclase crystals of Unit III in th
Sample No. x271 x271 x276 x276 Average Fine-grain
the margi
Inclusion No. 1 3 1 6
SiO2 28.70 36.78 37.13 40.89 35.87 42.43
TiO2 8.59 6.36 9.31 8.33 8.15 6.33
Al2O3 3.44 5.30 8.65 4.69 5.52 15.47
FeOt 35.70 30.85 20.40 20.72 26.91 12.36
MnO 0.17 0.33 0.31 0.35 0.29 0.15
MgO 5.09 8.63 9.86 9.73 8.33 8.76
CaO 15.19 11.07 11.97 13.84 13.02 11.66
Na2O 0.34 0.36 1.11 0.64 0.61 1.92
K2O 0.25 0.17 0.11 0.22 0.18 0.47
P2O5 2.40 0.04 1.08 0.45 0.99 0.08
Total 99.87 99.87 99.93 99.87 99.88 99.74
Note: The bulk composition of each melt inclusion is estimated using the averaged comp
sources: aeaveraged value of ﬁne-grained gabbro after Zhong et al. (2004); beaveraged
compositions of melt inclusions in apatite after Charlier et al. (2011).2011; Humphreys, 2011). In Xinjie, the granophyric pockets are
composed of intergrowths of quartz with plagioclase and K-feld-
spar (Fig. 10a), whereas the ilmenite-rich intergrowths are
commonly dendritic ilmenite crystals intergrown with plagioclase
and biotite and are usually spatially associated with compact grains
of magnetite (Fig. 10b and c). Such paired non-reactive micro-
structures are attributed to the crystallization of late-stage,
multiply-saturated liquids in chemical equilibrium with their
bounding phases and the contrasting compositions are interpreted
to be a pair of immiscible melts, i.e., Si-rich and Fe-Ti-rich melt,
respectively (Holness et al., 2011; Humphreys, 2011). Therefore, the
paired non-reactive microstructures at Xinjie support the existence
of a Fe-Ti-rich melt during the late-stage of magma fractionation.e Xinjie intrusion.
ed gabbro in
nal zone of Xinjiea
Fe-rich melt of Skaergaardb Fe-rich melt of Sept Ilesc
40.67 38.51
1.86 1.5
7.87 12.5
30.85 15.59
0.51 0.16
2.35 7.39
8.97 12.46
1.58 2.24
1.03 1.58
0.25 7.11
95.84 99.02
osition of each mineral and modal proportion of each mineral in the inclusion. Data
compositions of melt inclusions in apatite after Jakobsen et al. (2005); ceaveraged
Figure 9. A schematic cartoon illustrating the crystallization sequence of cumulus
magnetite and intercumulus magnetite in Units I and II. (a) Stage 1, 24% fractionation of
10% Cpx þ 1% Mt þ 89% Ol, and magnetite crystallized during this stage would have
Cr2O3 > 14.7 wt.%; (b) stage 2, 28% fractionation of clinopyroxene from trapped liquid,
and the early crystallized Cr-rich magnetite and olivine crystals are enclosed in the
crystallizing clinopyroxene crystals; (c) stage 3, fractionation of 66% Cpx þ 30% Pl þ 1%
Mt þ 3% Ilm from trapped liquid so that intercumulus magnetite, ilmenite, plagioclase
occur as interstitial phase. Intercumulus magnetite crystallized at this stage is esti-
mated to have Cr2O3 lower than 5.8 wt.%.
Figure 10. Photomicrography of paired non-reactive microstructures in Unit III of the
Xinjie intrusion. (a) Granophyric intergrowths composed of K-feldspar (K-fsp), quartz
(Qtz) and plagioclase (Pl) ﬁll the planar-sided pockets between plagioclase. Under
cross-polarizer, transmitted light. Sample x308; (b) ilmenite-rich intergrowth
composed of ilmenite (Ilm) and worm-like plagioclase. Under plane-polarizer, trans-
mitted light. Sample x308; (c) ilmenite-rich intergrowths with biotite (Bt) and apatite
(Ap). Under cross-polarizer, transmitted light. Sample x265.
H. Dong et al. / Geoscience Frontiers 4 (2013) 503e515 513Abundant melt inclusions trapped in plagioclase are observed in
Unit III of the Xinjie intrusion. The melt inclusions are commonly
Fe-rich and are composed of magnetite, hornblende and apatite in
different proportions (Fig. 11), which is also supportive of a Fe-rich
melt. We analyzed the compositions of minerals in each inclusionand estimated the bulk composition of each melt inclusion. The
averaged compositions of themelt inclusions of the Xinjie intrusion
are comparable with the Fe-rich melt in the Skaergaard or Sept Iles
intrusions (Jakobsen et al., 2005; Charlier et al., 2011) (Table 2).
Compared with the averaged whole-rock compositions of ﬁne-
grained gabbro in the basal marginal zone of the Xinjie intrusion
(Zhong et al., 2004), the melt inclusions contain more FeOt, TiO2,
CaO and P2O5 and less SiO2, MgO, K2O and Na2O than the ﬁne-
grained gabbro, consistent with the experimental results of liquid
Figure 11. Backscattered electron (BSE) images of crystallized melt inclusions hosted in plagioclase in Unit III of the Xinjie intrusion. (a) A melt inclusion composed of magnetite
(Mt), hornblende (Hbl), apatite (Ap) and sphene (Spn). Note that magnetite has ilmenite lamella; sample x271e1; (b) a melt inclusion composed of hornblende, magnetite and
ilmenite (Ilm). Sample 271e3; (c) a melt inclusion composed of hornblende, ilmenite and apatite. Sample 276e1; (d) a melt inclusion composed of hornblende, magnetite, ilmenite,
sphene and sulﬁde. Sample 276e6.
H. Dong et al. / Geoscience Frontiers 4 (2013) 503e515514immiscibility along tholeiitic liquid lines of decent (Charlier and
Grove, 2012). The Fe-rich melt could continue to evolve toward
further Fe-enrichment and silica depletion as a result of the
widening of the miscibility gap with falling temperature (Veksler
et al., 2008), resulting in the large amounts of Fe-Ti oxide accu-
mulating in Unit III. According to the new experimental work, the
silicate liquid immiscibility along tholeiitic trend could develop
below 1000e1020 C (Charlier and Grove, 2012), indicating that the
silicate immiscibility could happen at a relatively low temperature,
and is not necessarily required for high temperature.
It is obviously that the immiscible Si-rich and Fe-Ti-rich melts
havedifferent densityand viscosity resulting in gravity fractionation
between them (Reynolds, 1985) such that the Fe-rich melt would
settle down whereas the Si-rich melt go up. However, the sharp
boundary between the two melts is not expected to exist because
fractional crystallization would gradually diminish the differences
between the twomelts. The analog of Si-richmelt, i.e., differentiated
felsic veins or dykes, is rarely seen at Xinjie, this is probably because
the upper part of the intrusion has been removed by erosion. We
assume that anorthosite, syenite, granophyre and felsic pegmatite
dykes or lenses at the top of the Panzhihua (Zhou et al., 2005) and
Hongge intrusions could be possible analogs of the Si-rich melt.
6.4. Implications for the origin of Fe-Ti oxide deposits in layered
intrusions in the Panxi region
In the Xinjie intrusion, relatively small amounts of Cr-rich titano-
magnetite crystallized earlier from magma and are hosted in theultramaﬁc portion. As magma evolved, liquid immiscibility occurs
when the magma compositions reach into the liquid immiscible ﬁeld
so that Fe-Ti-richmelt formed from theevolvedmagma (Veksler et al.,
2007; Charlier and Grove, 2012), and large amounts of Cr-poor
magnetite in gabbro portion are accumulated from the Fe-rich melt.
In contrast to the Xinjie intrusion, the Panzhihua intrusion is lack
of both Cr-rich titanomagnetite and an ultramaﬁc portion. Massive
Fe-Ti oxide ore bodies occurred in the lower part of the Panzhihua
intrusion are comparable with the Fe-Ti oxide-rich ores in the upper
gabbroic part of the Xinjie intrusion. It is possible that the ultramaﬁc
portion was crystallized before the emplacement of magmas into a
shallow level chamberwhere thePanzhihua intrusion formed,which
means that the ultramaﬁc rocks containing Cr-rich titanomagnetite
maysimplynot beexposed in thePanzhihua intrusion. Therefore, the
massive oxide ore bodies in Panzhihua may have formed from
inferred immiscible Fe-Ti-rich melt in the same fashion as the Xinjie
intrusion. However, a remaining question is why the Panzhihua
intrusion hosts large amounts of massive Fe-Ti oxide ore bodies
which are absent in the Xinjie intrusion.
7. Conclusions
Magnetite of the Xinjie intrusions has variable compositions and
formed in three different occurrences. Cumulus, Cr-rich titano-
magnetite in the ultramaﬁc rocks of Units I and II crystallized before
or concurrent with early crystallized olivine and clinopyroxene.
Intercumulus, relatively Cr-rich titanomagnetite in Units I and II
crystallized from trapped liquids and crystallized later than
H. Dong et al. / Geoscience Frontiers 4 (2013) 503e515 515cumulus olivine, clinopyroxene and Cr-rich titanomagnetite. Large
amounts of Cr-poor magnetite in Unit III may have formed from an
immiscible Fe-Ti-rich melt and make up the richest Fe-Ti oxide
gabbro layers of the Xinjie intrusion.
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